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11 has l^een shown l}y luimeroiis investi\c:ators that stimulation of 
different tissues leads to an increase in permeability which is indepen¬ 
dent of the particular structure and function.- In the case of muscle, 
W'eiss showed that even subminimal stimuli lead to an increase in 
I)ermeability which was measured by an increase in the output of 
phosphoric acid by the muscle. When effective stimuli were applied, 
a close relationshij) between the intensity of fatigue and the increase 
in permeability was observed (Enibden and Adler, 1922). Further¬ 
more, there was a parallelism between the reversibility of fatigue and 
that of the changes in permeability. When the muscle reco\'ered from 
fatigue and the original contractility was again obtained, the per¬ 
meability was also normal, f.c., no phosphoric acid was given off to the 
medium in which the muscle was suspended. But if no recovery took 
i:)lace, the output of phosphoric acid remained the same or even in¬ 
creased. These experiments prove that the ph\\sico-chemical changes 
in permeability play an important part in the fatigue problem. It 
seemed probable that fatigue might be delayed if it were possible to 
l)re\ent or to diminish the increase in.permeability which ordinarily 
accompanies fatigue. The exi:)eriments described in this paj^er show 
the correctness of the su]:>positibn. I'atigue can i)e delayed in a me¬ 
dium by which the j)ermeability of the muscle is decreased. The 
efficiency of different ions in that respect and the general importance 
(»f these facts for the ])roblem of ion antagonism will be discussed in this 
paper. 

Metiioo 

Several hundred experiments on the sartorius muscle of Katia cs- 
CHloita were jierformed from March 1929 to October 19.K). The mus¬ 
cles, prepared in the usual manner, were immersed in an isotonic salt 
solution and suspended between two platinum electrodes connected 
with an isotonic' lexer which magnified the contractions se\en times. 

’ .\\\.ir(l< <l il)L- .\. ( rt-ssy Morrison Prize in E\|KTiinental liiolo^y for 1950 by ihc 
.\eu ^ ork .\c.Hlein>- of Sciences. 

.\i<le<| Ijy .1 j^r.iiit from llie Researcli Fund of ihe rniversily of Oregon. 

• (Onip.tre ( '•ellliorn, P>20, j)p. 166 197. 
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In the first group of experiments the platinum electrodes were carefully 
covered with laccjuer (except on a point-like spot where the platinum 
was In contact with the muscle). The muscles were stimulated with 
rhythmical condenser discharges (apparatus of Scheminsky) 40-60 
times per minute so that a decrease in the height of contraction oc¬ 
curred. The two sartorii of the same frog under the same conditions 
showed an identical course of fatigue (Gellhorn, 1930). This made it 
possible to study the influence of different ions. The solutions were 
made up of NaCl, KCl and CaCU solutions of A = 0.39°. In order 
to hold the conductivity of the liquid constant and avoid any possible 
effect on the strength of the stimulus, a part of the sodium chloride 
solution was replaced by an equal volume of isotonic CaCU solution, 
and thus the effect of different CaCb concentrations was studied. 

In a second group of experiments another method was used. The 
sartorii were not stimulated in a liquid but in a moist chamber. The 
first series of stimuli was applied for five minutes and the muscle was 
then allowed to recover in an aerated salt solution. Afterward a 
second series of stimuli was applied until the muscle ceased to respond. 
The first series of stimuli was designed to show whether both sartorii 
had the same irritability and fatigability. Pairs of muscles which be¬ 
haved alike in the first series of stimulation were the only ones con¬ 
sidered as material for the determination of the influence of different 
salt solutions. The effect of these solutions was apparent in the course 
of fatigue during the second series of contractions. The advantage of 
this second method consists in the Independence of the strength of the 
stimulus from the conductivity of the solution and furthermore in the 
exact proof of the identical behavior of the muscles before they were 
immersed in the salt solutions. In these experiments condenser dis¬ 
charges obtained from the apparatus of Scheminsky (1930) in its im¬ 
proved form were used. Maximal stimuli were given 90 times per 
minute. Between the first and the second series of stimulations the 
muscle remained unstimulated for nine minutes in the salt solutions. 
The experiments of the second group were performed with curarized 
and uncurarized muscles. The effect of Ca, Sr, Ba, and Mg was 
studied in reference to the fatigue of muscle.^ 

Experiments Performed with the First Method 

Figure 1 shows the course of the height of contractions of the 
sartorii stimulated 40 times per minute for twelve minutes. One 
muscle was in NaCl + KCl + CaCF solution in which these salts had 

^ After preparation the muscles remained in aerated Ringer’s solution for 45-60 
minutes before the experiment was begun. 
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the same concentration as in Ringer’s solution, while the other muscle 
was bathed in XaCl + KCl + CaClo which contained eight times as 
much CaCb as the first one. It is apparent that, in spite of the identi¬ 
cal height of the contractions at the beginning of the experiment, both 



Fio. 1. "riic course of fatii^uc in a i)air of sartorii slinuilated in 0.111 M 

NaCl + 10.2 M X 10"^ K(4 + 8.1 M X 10-« CaCl,>(-) and in 0.103 M XaCl + 10.2 

M X lO-* KCl -f 61.4 M X K) CaCla (-). 

Ordinate: heii^lu of contraction; Abscissa: time in minutes. 

Ma.ximal condenser discliarges; frequency 40 per minute. 

show the “treppe” in the same amount:—the muscle immersed in a 
solution with a high CaCb concentration showed a lesser fatigue than 
the control muscle. In other words an excess of CaCl^ delays fatigue. 
4'his fact, whit'h was the basis for further experimentation, is illustrated 
b\' I'ig. 2, which reproduces a series of experiments performed with six 
pairs of sartorii. 4'he control imisc'le was alwa\'s stimulated in 0.1 IIM 
Xa( 4 + 0.00102M KC'l + 0.00081M ('aC'b, the other muscle in 
0.004S0M or ().00972M ('aC'lo, the K( 1 concentrations being identical 
in both cases and the Xa('l slightly less in order to keep constant the 
osmotic* pressure and conducti\ity of the solution. 4'he contractions 
were registcaed at intervals of two minutes for a j)eriod ot twelve min¬ 
utes ;md the height of contraction of the muscle stimulated in the 
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Fig. 2. The influence of different CaCl 2 concentrations on the course of fatigue 
in sartorius muscle. The height of contraction of the control muscle (stimulated in 
0.111 M NaCl + 10.2 M X 10-^ KCl + 8.1 M X 10-^ CaCh) is taken as 100 and the 
percentage of the height of contraction of the muscle placed in a solution with higher 
CaCl 2 concentration is calculated. 

-•-|o.l06 M XaCl + 10.2 M X 10"’ KCl + 48.6 M X 10-4 CaCls. 



0.0996 M NaCl + 10.2 M X lO'^ KCl + 97.2 M X lO-* CaClj. 







386 


K. GKLLHORX 


higher CaC'lo concentration was calculated as the percentage of the 
height of contraction of the control muscle. The figure shows that 
the height of contraction in the beginning of the experiment exhibited 
\ery slight variations if any, but in the further course of the experi¬ 
ment the deviations became jirogressively stronger and reached in 
most cases 100 |)er cent or more. This illustrates again the delay of 
fatigue in solutions with higher CaCb concentrations and shows at 
the same time that the increase of CaCdo to twelve times its normal 
concentration {i.e., tlie concentration in Ringer’s solution) is still 
favorable for the prevservation of contractility and the delay of fatigue. 

The fundamental importance of this fact is apparent when the 





/fi -I-1_ I _I_I_ i _I_I_l_ 

0 / 2 j ¥ r' 6 7 S Kts. 

Idcr. 'flic course of irrital)ility (threshokl) in iinstimulaled muscles. Orcli- 
n lie: Disiance Ijelween primary and secondary coil; abscissa: d'ime in hours. 

0.111 M NaCd -h HU M X 10^‘ K(d + 8.1 M X 10"^ CaC'b. 

- —0.103 M XaC'l + 10.2 M X I0-‘ KC'l + 64.4 M X HU CaCl>. 


effect of the same solutions is studied on the irritability of the unstim- 
ulaled mns('lc. As was to be ex})ected, the solution with tlie “normal ” 
( a( I 2 ('oncentration is much more favorable to the preservation of 
irrit.ibility than a solution with higher GaC'lo content (I'ig. 3). d'here- 
foie the ojuimal (onditions are different for the stimulated and un¬ 
stimulated muscle. 1'hat is to say, the Icrd^s of ion autagonisni u'liicli 
lead to the discov( ry of the equilibrated solutions do not hold quojitilatively 
for the sti))}ulatcd muscle, ddiese ex|)eriments make [)rol)able an even 
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more general formulation that the efficiency of ions on cells depends 
upon their degree of permeability. 

Experiments Performed' with the Second Method 
In order to check these results more than 100 experiments were 
performed with the second method, hdgurc 4 illustrates the course of 
fatigue after the muscles have been immersed in solutions of different 
CaClo concentrations. The curves I and II show the fatigue curv^e 
of the two muscles when stimulated in the moist chamber. One recog¬ 
nizes that they behave identically. After this they were immersed 



Fig. 4. Stimulation of a pair of sartorii in a moist chamber with maximal 
condenser discharges 90 times per minute. Then muscle I is immersed in 0,111 
j\I NaCl -h 10.2 M X lO"'^ KCl 8.1 M X 10“^ CaCb (control fluid) and muscle II 
in 0.111 M NaCl + 10.2 M X 10“^ KCl + 81 M X 10~^ CaCb for nine minutes. 
Thereafter stimulation in a moist chamber as before (curve la, I la respectively). 
The numbers at the curves indicate the time in minutes after the beginning of 
stimulation. 

for nine minutes in solutions of XaCl + KCL + CaCL which were 
alike save for the CaCL concentration. This was 8.1 M X 10~^ in the 
first case and 81 M X 10"^ in the latter one. Finally they were trans- 
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fcrrcd again into the moist chamlier and stimulated in the same way 
as in the first series. The experiments yielded the curves la and I la 
and prove that the solution rich in CaC'h preserved the contractility 
of the muscle much better than that with the lower CaCb concentra¬ 
tion. The height of contraction which was observed in the first muscle 
(treated with S.l M X 10~‘ Ca(d 2 ) after five minutes was the same as 



l i(i. 5. IVfx'cdure as in Fig. 4. Muscle I immersed in control fiuicl; muscle II 
in 0.111 M .\aCl -f- 10.2 M X lO'^ KCl + 40.5 M X lO"* CaClo. 

in the second muscle (treated with 81 M X 10“* CaClo) after fourteen 
minutes. 

Another example is reproduced in f'ig. 5. It is of jiarticular inter¬ 
est becau'-e in the first series of contractions the second muscle shows 
spontaneously a greater fatigability than the first one. Xexertheless, 
the treatment of the musede with the solution containing a higher CaCb 
('on< entration overcompensated the deficiency, since this muscle re¬ 
mains ((uitractile for 40 minutes and the control muscle for only fixe 
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minutes. In a group of experiments the solution with the higher CaClo 
concentration contained the same NaCl concentration as the other one 
so tliat the osmotic i)ressiire of the first solution was slightly higher, 
while in a second group the Na(d concentration was a little lower in 
order to keep constant the osmotic pressure in spite of the differences 
in CaCb concentration. In both groups the solution rich in CaC'b 



Fig. 6. Procedure as in Fig. 4. Muscle I (Fig. 1 and la) immersed in control 
fluid; muscle II in 0.111 M NaCl -j- 10.2 M X 10'^ KCl +40.5 M X 10“'* CaCb 
(Fig. II and Ila). 

26 
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(lehn ed the falip:ue, and this result was also obtained if by addition of 
NaHC 03 the salt solution were completed to a typical Ringer’s solu¬ 
tion. l^dgure 6 shf)ws this in a \ery striking way because, in spite of 
the weaker contractions of the second muscle, the fatigue is dela\ed 
after the muscle has been immersed in a Ringer’s solution with five 
times its normal C'aCd-: concentration. 



\ n.. 7. l'rc)(r<lurc as in 4. Muscle 1 in 0.111 M NaC'l + 10.2 M X 10 ‘ 

K< I r •'^l M ^ 10 H a( Ij (1 and la); nuisele 1! in conirol Iluid (II and Ilci). 

'The favorable eflert of the solution with higher CaCdo concentrati(m 
in delaying latigue may be illustrated by 'Table I, in which the time of 
the j)re.ser\ation of contractility was determined for each pair of 
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muscles after they had been immersed in salt solutions with different 
CaCb concentrations. 


Table I 

The Dependence of the Duration of Contractility upon the CaCh Concentration 

After a previous period of stimulation for fi\'e minutes, the muscles were im¬ 
mersed in O.lIliM NaCl + 0,00102TI KCl + different CaCb concentrations as 
indicated in this table. After this, stimulation was continued in a moist chamber. 


No. 

CaCL Concentration 

Duration 

CaCL Concentration 

Duration 

I 

S.liM X 

minutes 

5 

40.5^[ X 10-< 

minutes 

> 17 

2 

“ 

5 

40.5M X 10-* 

> 40 

3 

“ 

6 

8LM X 10-< 

> 15 

4 

“ 

4 

SIM X lO-* 

> 9 

5 


4 

SCM X 10--' 

46 

6 


6 

SIM X 10-« 

20 


The experiments with the second method reveal still another fact 
which seems to be of interest for the problem of the tonus of skeletal 
muscle. The curves of Fig. 5 in particular show that after the inter- 



Fig. 8. Procedure as in Fig. 4. Solutions as in Fig. 7. 


















392 


E. GELLHORX 


\al (lurint^ which tlie nuiscles ha\'e been immersed in salt solutions the 
stimulation leads to a contracture which is slightly stronger in the 
Ca-muscle. Furthermore, the diminution of this contracture is de¬ 
layed in the Fa-muscled In this experiment the contracture still in¬ 
creased one minute after the beginning of stimulation while in the con¬ 
trol muscle it diminished. This beha\ ior is even more pronounced in 
the experiment illustrated b\' h'ig. 8, in which the Ca-muscle showed 
an increase in tonus during almost the entire period of stimulation, 
although the control muscle showed a rapid loss of tonus during this 
time. The tonus effect of calcium becomes apparent when the CaCb 
concentration is 81 A1 X 10“^ or higher. In reference to the delay of 
fatigtie the muscles show an uneciual Ijehavior. In most cases the 
fatigue was dcla\'e(l in spite of the increase in tonus, Init in some cases 
(compare lb‘g. 7) the tonus increased so rapidly that it led to an acceler¬ 
ation of fatigue. 

d'he belia\aor of the stimulated and unstimulated muscle in solu¬ 
tions containing different C'aCdo concentrations was compared and it 
was concluded that stimulation entirely changed the reactivity of the 
muscle to this particular ion. This fact was explained by the increase 
in permeability of the muscle. The observations on the effects of 
calcium ions on the tonus of skeletal muscle seem to support this view 
since Xeuschlosz (1922) observed that the immersion of the resting 
muscle in Ringer’s solution with increased CaClo concentration lead 
alwa\'s to a decrease in tonus. It is probal)le that the muscle brought 
into a state of high permeability by previous stimulation takes up CaClo 
in a greater amount than the resting muscle and this leads to entirely 
different phenomena. It may be emphasized that about the same 
concentrations were used in Xeuschlosz’ experiments and our own. 
If the interpretation is correct it is to be expected that far greater con¬ 
centrations of CaC'lo would be able to increase the tonus in the resting 
nnis('le. In fact it was found by Guenther (1905) that CaC'F in one 
per cent solution leads to an increase in tonus which occurs after a 
latent period of several hours. Probably the irritability of the nui=^cle 
had faded under these conditions. In contrast to that, the experi¬ 
ments described ab()\'e show that C’aC'b may immediately raise the 
tonus of the irritable muscle provided that the permeability had been 
increased by i)revious stimulation. Therefore not only l)y K as XTu- 
s('hl()sz found, but also by Ca the tonus of muscle can be increased 
without decrease of irritability. 

Leaving aside the effects of CaCL on the tonus of muscle, the ex- 

* I or the sake of l)r( \ity tlu* expression Cn-niusclo is iiscfl for ihc nuisclc wliich 
lias la eij iinim rsrd in iIk- sululion conlaining llic Iiiglier CaCb conceiUratiun. 
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periments lead to the conclusion that increase in CaCl 2 concentration 
through a very wide range reduces the higher degree of permeability 
produced by stimulation, and therefore delays fatigue. Further ex¬ 
periments dealt with the question whether the Ca effect is specific or 
whether it is replaceable by other cations. The effects of Sr, Mg and 
Ba were examined. 

The experiments showed that none of the alkali earths can replace 
calcium. Rather small concentrations of Sr, Ba and Mg had only a 
slight effect if any, and greater concentrations accelerated fatigue. 
MgCb seemed to have the most harmful effect, since it reduced the 
life duration of the muscle which had been previously immersed in a 
solution of NaCl + KCl + MgCb + NaHCOa, while the effect of Sr 
and Ba was mostly limited to a decrease in the height of concentration. 
The concentrations used are given in Table II. 


Table II 

Each solution ordinarily contains beside the salts with bivalent cations 0.1 UM 
NaCl + 10.2M X 10“^ KCI + 12.5M X 10-^ xNallCOa. 



Concentration 

Effect on Fatigue 

Mg 

15.4xM 

X 

10-4 

— 


23.IM 

X 

10-4 

— 


30.8M 

X 

10-4 

— 

Ba 

23.9M 

X 

10-4 

_ 


31.8.M 

X 

10-4 

— 

Sr 

16.7M 

X 

10-4 

_ 


32.5M 

X 

10-4 

— 


40.7M 

X 

10-4 

— 


81.4M 

X 

10-4 

— 


In another series one muscle was immersed in a solution of NaCl + 
KCl + CaCb + NaHCOs, the composition of which was identical 
with that used for the control muscle save for the addition of SrClo, 
BaClo or MgCb. In these experiments it was found that all three 
cations were able to delay the fatigue of the muscle but the effect was 
much less than in the experiments described above in which an excess 
of CaCb was studied. Furthermore, it was found that the favorable 
effect was limited to a very small range of concentrations. When this 
was surpassed the fatigue was accelerated. The quantitative data 
are reproduced in Table III. 
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Table III 

The Effect of A>, Ba mid on the course of fatigue if added to O.JIJM XaCl 
^lO.’M \ Kr^'KCl + S.lM X Kr^CaCl^ + IzSm X XallCO,. 


(\)iu rntrat j<'n 

F*'fl'ect on Fatipuc * 

Sr 32.5M X 10-« i 

+ 

40.7M X 10-^ 1 

+ 

Ba 19.8M X lO'-* 


23.9M X K)-' 

-f 

31.8.M X nr* 

— 

15.4M X 10-^ 

+ 

Mg 19.2M X 10-4 

=b 

30.SM X 10-4 

— 


* + indicales delay in fatigue; —, acceleration in fatigue; ±, no change. 


Discussion 

Tlie experiments clescril^ecl in this paper j:)rove tliat tlie laws of ion- 
antag^onism differ cjuantitatively in the resting: and tlie stimulated 
muscle. The increase in permeability in the latter leads rapidly to 
fatigue and this can be delat ed when an excess of Ca is added which 
reduces j^ermeability. On the other hand, a Ringer’s solution con¬ 
taining an excess of CaCl 2 is unfavorable for the presercation of ir¬ 
ritability in reslino muscle, d'he fundamental difference in the be¬ 
havior of resting and stimulated muscle in reference to Ions is fu^'ther 
illustrated by experiments in which the effect of other bivalent cations 
was studied. It was found that Sr, Mg or Ha added to Ringer’s solu¬ 
tion with normal CaClo concentration exerted a favorable intluence on 
the stimulated mtiscle, that is, the fatigue was delayed. But the same 
sohitions were unable tf) i^reseiA’e the irritability of the unstimulated 
muscle as well as Ringer’s solution. The exj^eriments permit one to 
('onclude that Ihc cow position of the optimal salt solution is not a definite 
one for a certain type of cell but is dependent upon its decree of permeability. 

I his imi)lies the fact that the efficiency of ions differs (luantitativeh’ 
if applied to a cell in a stale of low or high jx‘rmeabilit>'. The ex])eri- 
ments on the tonus effect of calcium described above show the correct¬ 
ness of this conclusion, d'he increase in tonus observed in the stlm- 
ulatefl imisck* l)egins immediately after stimulation, while, according 
to < luenthei, it reciuires a Ca concentration ten times higher and several 
hours in resting muscle. 

1 he experiments throw an interesting light ui)on the s{)ecilicity of 
ion ant.igonism.’ d'hey indicate that, in contrast to the ion antagon- 
unjparc Ciellliorn, 19 it and 1926 . 
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ism between K and bivalent cations in muscle in which numerous 
cations arc of ^rcat antagonistic efficiency, calcium cannot be replaced 
by any other liivalent cation in its effect of delaying fatigue. This is 
astonishing because the suppression of the K contracture by bivalent 
cations is based upon their power to reduce permeability (Gellhorn, 
1928). The writer found recently in experiments on vital staining in 
sea urchin eggs that the permeability of the cell to stains could be 
prevented by Ca but not by Mg, Sr or Ba (1931). But the explanation 
of the specificity seems to be quite different in sea urchin eggs and mus¬ 
cle, since in the former Sr, Ba and Mg were unable to decrease per¬ 
meability, while in muscle permeability is decreased. This is not 
only indicated by observations on K-contractiirc but also by the fa¬ 
tigue experiments of this paper, since it was shown that addition of Sr, 
Ba or Mg to Ringer’s solution containing CaCU was effective in reduc¬ 
ing fatigue. The reason why Ca cannot be entirely replaced by Sr, 
Ba and Mg seems to lie in the fact that Ca is probably the only ion 
which diminishes the increase in permeability of muscle in a completely 
reversible manner. However, when coarser changes in the surface of 
the cell are concerned, such as are produced by K, several bivalent 
cations act antagonistically. Fewer of these ions are effective if irrita¬ 
bility is concerned, as in paralysis of muscle (Hober, 1917), than in the 
case of K-contracture, which is rather independent of irritability. In 
the former case Ca is the most antagonistic ion, in the latter case the 
heavy metals (Gellhorn), because here the greater the power in reducing 
permeability, the more efficiently is the contracture suppressed. The 
impossibility of fine reversible changes in permeability, which are 
necessary for the preservation of irritability, is not concerned here. 
The intermediate case, the restoration of irritability after K-paralysis, 
is influenced in a somewhat intermediate manner: calcium is most 
effective, but other bivalent cations are effective to a lesser degree. 
The importance of calcium for the preservation of irritability and con¬ 
tractility is apparent. It is conceivable that the delay of fatigue re¬ 
quires a still finer adjustment than the partial restoration of irritability 
after K-paralysis. This may be the reason for the specificity of the 
calcium effect in the fatigue experiments of this paper. 

Summary 

1. The fatigue of the sartorius muscle of the frog can be delayed by 
an excess of calcium chloride in Ringer’s solution, although this 
solution does not preserve irritability of resting muscle as well as Ring¬ 
er’s solution. Therefore, in contrast to the view generally accepted 
today, the quantitative composition of the optional solution depends 
upon the penneahility of the cell. 
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2. This conclusion implies a qiiantitati\e difference in the effi¬ 
ciency of ions in relation to perineabilit}\ This is illustrated by ob- 
ser\'ati()ns on the increase of muscle tonus in solutions with high CaCl 2 
content. The change in tonus takes place in irritable muscle. 

3. 'Fhe efiect of calcium on fatigue is specific. Neither Sr, Ba nor 
Mg can replace it. But these cations can delay the fatigue, although to 
a lesser extent than calcium, when added to Ringer’s solution contain¬ 
ing 8.1 M X 10“^ GaCb. The cause of this specificity is discussed. 
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